Introduction
============

Diethylstilbestrol (DES) ([Fig. 1](#fig1){ref-type="fig"}) is a potent synthetic estrogen ([@bib1]), as its relative binding affinity to rat estrogen receptors being three-fold higher than that of the natural ligand 17β-estradiol ([@bib2]). DES was once prescribed by physicians for pregnant women to treat the loss of pregnancy ([@bib3]). However,*in utero* exposure to pharmacological doses of DES was demonstrated to be associated with adverse effects on the reproductive tract of both male and female offspring ([@bib4]). DES has also been demonstrated to cause placental alterations such as a reduction of the labyrinthine region and accumulation of trophoblast giant cells in mid- and late-gestation in mice ([@bib5]). Animal studies showed that *in utero* exposure to DES induced an intrauterine growth restriction of pups in the placentas ([@bib6]). However, the mechanism has not been fully elucidated. Figure 1Chemical structure of cortisol and diethylstilbestrol.

Glucocorticoid hormone is an inducing factor of intrauterine growth restriction. Maternal glucocorticoid (cortisol in the human and corticosterone, CORT, in the rat) levels are much higher than those in the circulation of the fetus. Although the maternal glucocorticoid can easily penetrate the placenta to enter the fetal circulation, there is a mechanism to achieve this gap of glucocorticoid level between the mother and the fetus. This mechanism has been found to be achieved by the glucocorticoid metabolizing enzyme 11β-hydroxysteroid dehydrogenase 2 (HSD11B2) in the placenta ([@bib7]). HSD11B2 is an NAD^+^ oxidase, catalyzing biologically active cortisol or CORT into inert cortisone or 11-dehydrocorticosterone (11DHC). Thus, even there is a huge fluctuation of maternal cortisol or CORT levels, hardly any of them can get into the fetal circulation. Thus, HSD11B2 is a critical enzyme that protects the fetus from overexposure to the maternal cortisol and CORT, which potentially interferes with fetal development and causes cardiovascular, metabolic and neuropsychiatric disorders in the postnatal period ([@bib8], [@bib9], [@bib10]). A prospectively controlled multicenter study demonstrated that HSD11B2 expression was associated with the intrauterine growth restriction in human beings ([@bib11]). Furthermore, inhibition of HSD11B2 activity by a potent inhibitor carbenoxolone in cultured trophoblast cells stimulated secretion of the human chorionic gonadotropin and caused a rapid differentiation of cytotrophoblasts into syncytial trophoblasts ([@bib12]). Therefore, HSD11B2 might influence the placental function ([@bib12]). Indeed, fetal and placental weights were reduced in the *Hsd11b2* gene knockout mice ([@bib13]). It is likely that intrauterine growth restriction of fetal development after knockout of the HSD11B2 enzyme was mediated in part by altered transport of nutrients across the placenta into the developing fetus ([@bib13]). In the present study, we investigated the effects and the mode of action of DES on HSD11B2 activity in both rat and human placenta.

Materials and methods
=====================

Chemical and animals
--------------------

\[1,2,6,7-^3^H\]corticosterone (^3^H-CORT) and \[1,2,6,7-^3^H\]cortisol (^3^H-cortisol) were from Dupont-New England Nuclear (Boston, MA, USA). ^3^H-11-dehydrocorticosterone (^3^H-11DHC) and ^3^H-cortisone were prepared from labeled ^3^H-corticosterone or ^3^H-cortisol as previously described ([@bib14]). Cold corticosterone, 11-dehydrocorticosterone (11DHC), cortisol, pirfenidone and cortisone were purchased from Steraloids (Newport, RI, USA). Trifluoroacetic acid (purity \>98.0%) was obtained from Sigma-Aldrich Company. Female Sprague--Dawley rats (250--300 g) were purchased from Shanghai Laboratory Animal Center (Shanghai, China). The animal protocol was approved by the Wenzhou Medical University\'s Animal Care and Use Committee. Full-term human placentas ([Table 1](#tbl1){ref-type="table"}) were obtained from the Second Affiliated Hospital of Wenzhou Medical University under the approval of The Ethics Committee of the hospital and consent of the subjects. Table 1Relevant information about the human placentas used.ParameterID number01570740015693090158914601588002Maternal age (years)27243125Weight (kg)605967.556Gestational age (weeks)39^+2^4040^+1^39^+2^Gravidity1121Parity1121Birth weight (g)2820328032803210Blood pressure133/88125/74115/63112/56Baby's sexFemaleMaleFemaleFemale

Preparation of microsomal protein
---------------------------------

Four female dams (gestational day 18) were killed by CO~2~ asphyxiation, and one placenta from each rat was randomly collected ([Table 2](#tbl2){ref-type="table"}). Four full-term human placentas were obtained ([Table 1](#tbl1){ref-type="table"}). Both rat and human placental microsomal fractions were prepared as previously described ([@bib15]). In brief, samples were homogenized in 0.01 mM phosphate-buffered saline (PBS) containing 0.25 M sucrose. Nuclei and large cell debris were removed by centrifugation at 750 ***g*** for 30 min. The post-nuclear supernatants were transferred to new tubes and centrifuged at 10,000 ***g*** for 30 min. Then, the supernatants were transferred to ultracentrifugation tubes and centrifuged twice at 105,000 ***g*** and the resultant microsomal participates were resuspended in PBS by homogenization. Protein concentrations were measured using the Bio-Rad Dye Reagent Concentrate (Bio-Rad, cat. no. 500-0006) and adjusted to 20 mg/mL for storage. Microsomal suspensions were used for the measurement of HSD11B2 activity. Table 2Relevant information about the rat placentas.ParameterID numberRat 1Rat 2Rat 3Rat 4Dam weight377391365375Placental weight (g)1.010.820.950.85Pup12141312

HSD11B2 assay
-------------

Corticosterone or cortisol was used as the enzyme-substrate to measure HSD11B2 activity as described ([@bib16]). HSD11B2 activity was assayed in an enzyme reaction mixture containing 25 nM CORT (for rats) or cortisol (for humans) spiked with 60,000 dpm of their respective (radiolabeled) ^3^H-steriods, 0.2 mM NAD^+^, 0.1 mM DTT and microsomes and the reaction mixture was incubated at 37°C in a shaking water bath (75 rpm) for 15 min. DES was dissolved in dimethyl sulfonate (as the control, CON) with a final concentration of 0.4%, at which dimethyl sulfonate did not inhibit HSD11B2 activity as described ([@bib16]). The HSD11B2 reaction was linear within this time frame. The reaction was stopped by adding 2 mL ice-cold ether into reaction tubes. The tubes were vortexed vigorously for 1 min and the steroids were extracted with ether. Then, the ether layer was transferred into a glass tube and was dried up under nitrogen. The steroids were plotted onto a thin layer plate and separated chromatographically in chloroform and methanol (90:10, v/v). The plate was dried up and the steroid radioactivity was read using a scanning radiometer (System AR2000, Bioscan Inc., Washington, DC, USA) as previously described ([@bib15]). The percentage conversion of CORT to 11DHC or cortisol to cortisone was calculated by dividing the radioactive counts identified as 11keto-steroids by the total counts.

Determination of the half maximum inhibitory concentration (IC~50~) and mode of action
--------------------------------------------------------------------------------------

IC~50~ value was determined by adding 25 nM of CORT or cortisol and 0.2 mM NAD^+^ with various concentrations (0.1--100 μM) of DES to the 250 μL reaction buffer (0.1 mM PBS) containing 2--10 µg rat or human microsomal protein as previously described ([@bib17]). The mode of action was measured by adding various concentrations (0.1--1 μM) of either CORT or cortisol to the assay tubes.

Animals and treatment for *in vivo* inhibition of HSD11B2
---------------------------------------------------------

Cortisol is not the endogenous glucocorticoid in rats ([@bib18]). Therefore, administration of exogenous cortisol to rats can be used to monitor its metabolism as an index of *in vivo* HSD11B2 activity ([@bib19]). Twelve female rats, weighing 300 ± 20 g, were divided into two groups that were orally administered with either DES 0.5 mg/kg or the vehicle (dimethyl sulfonate versus water = 1:9 as control; v/v) once. Thirty minutes later, rats received intraperitoneal injections of cortisol at 20 mg/kg body weight based on the previous study ([@bib20]). A preliminary study found that at least 0.5 mg/kg DES is required to alter the cortisol pharmacokinetics. Animals were then anesthetized by the administration of 10% chloral hydrate. Blood samples (800 μL) were collected directly from the tail vein into glass tubes (Sigma) at 5, 10, 20, 40, 60, 90, 120, 150, 180 and 240 min. Blood samples were centrifuged at 2000 ***g*** for 10 min to obtain sera, which were then stored at −20°C until analysis. Because the kidney expresses high HSD11B2 levels ([@bib21], [@bib22]), six rats in each group were killed 40 min after DES administration to obtain the kidneys for processing in order to measure HSD11B2 activity *ex vivo*. CORT at 25 nM spiked with 60,000 dpm tracer were added to and mixed with sliced kidney samples. Reactions were stopped 10 min later by adding 3 mL ice-cold ether. The tubes were vortexed vigorously. The steroids were extracted and separated and detected as described earlier.

Serum steroid extraction
------------------------

Serum samples were prepared by the liquid--liquid extraction technique. A 300 μL aliquot of the serum sample was placed in a 10 mL glass test-tube, on which 20 μL of pirfenidone (internal sample, IS, 100 μg/mL) was spiked and 150 μL of sodium hydroxide solution (0.01 mol/L) was added. 3 mL of extraction solvent (ethyl acetate) was added and the mixture was vortexed for 2 min. The organic layer was separated after centrifugation at 4000 ***g*** for 15 min. The organic layer was transferred into a new glass tube and dried up under a nitrogen gas and then steroids extracted were dissolved in 200 μL of the mobile phase. An aliquot (20 μL) of the final supernatant was injected into an HPLC-MS/MS system for analysis as below.

UPLC--MS/MS conditions
----------------------

Liquid chromatography for detection of cortisol was performed on an Acquity Ultra Performance Liquid Chromatography (UPLC) unit (Waters Corp.) with an Acquity BEH C18 column (2.1 mm × 50 mm, 1.7 μm particle size) and inline 0.2 μm stainless steel frit filter (Waters Corp.) as previously described ([@bib23]). A gradient program was employed with the mobile phase combining solvent A (0.1% formic acid in water) and solvent B (acetonitrile) as follows: 5--5% B (0--0.5 min), 5--95% B (0.5--1.0 min), 95--95% B (1.0--2.0 min), 95--5% B (2.0--2.1 min). A subsequent re-equilibration time (0.9 min) was performed before next injection. The flow rate was 0.40 mL/min and the injection volume was 6 μL. The column and sample temperature were maintained at 40°C and 4°C, respectively. An XEVO TQD triple quadruple mass spectrometer equipped with an electrospray ionization (ESI) source (Waters Corp.) was used for mass spectrometric detection. The detection was operated in a multiple reaction monitoring modes under unit mass resolution in the mass analyzers. The multiple reaction monitoring mode transitions were m/z 358.3→340.3 and m/z 237.2→194.3 for cortisol and IS, respectively. The Masslynx 4.1 software (Waters Corp.) was used for data acquisition and instrument control.

Calculation of cortisol pharmacokinetics
----------------------------------------

Serum cortisol concentration versus time for each rat was analyzed by DAS (Drug and statistics) software (Version 2.0, Shanghai University of Traditional Chinese Medicine, China). The parameters of pharmacokinetics calculated were followed: elimination half-life (t1/2), the peak plasma concentration of a drug after administration (C~max~), time to reach C~max~ (Tmax), the integral under the concentration--time curve (AUC) and the volume of plasma cleared of the drug per unit time (CLz/F).

Statistics
----------

Each experiment of the enzyme assay was repeated four times. Data were subjected to nonlinear regression analysis by GraphPad (version 6, GraphPad Software Inc., San Diego, CA, USA) for IC~50~. Lineweaver--Burk plot was used in the analysis of the mode of action. Data were subjected to analysis by one-way ANOVA followed by *ad hoc* Tukey multiple comparisons, testing significant differences between groups. Serum cortisol concentration versus time data of each rat was analyzed by DAS software. All data are expressed as means ± [s.e.m]{.smallcaps}. Differences were regarded as significant at *P* \< 0.05.

Results
=======

DES inhibits rat placental HSD11B2 activity
-------------------------------------------

The effect of DES on rat placental HSD11B2 activity was examined at 100 µM, at which concentration it inhibited the enzyme over 50% ([Fig. 2A](#fig2){ref-type="fig"}). Analysis of concentration-dependent inhibition by DES estimated an apparent IC~50~ value of 5.33 ± 0.08 µM ([Fig. 3A](#fig3){ref-type="fig"}). Figure 2Diethylstilbestrol (DES) inhibits rat and human placental 11β-hydroxysteroid dehydrogenase 2 (HSD11B2) activities. HSD11B2 activity was measured in the presence of 100 µM DES as described in Materials and methods. Panel A, Rat HSD11B2; Panel B, Human HSD11B2. Mean ± [s.e.m.]{.smallcaps} (*n* = 4). \*\*\* designates significant difference when compared to control (CON, DMSO) at *P* \< 0.001. Figure 3DES concentration-dependently inhibits rat and human placental 11β-hydroxysteroid dehydrogenase 2 (HSD11B2) activities. Panel A, Rat HSD11B2; Panel B, Human HSD11B2. Mean ± [s.e.m.]{.smallcaps} (*n* = 4).

DES inhibits human placental HSD11B2 activity
---------------------------------------------

The effect of DES on human placental HSD11B2 activity was examined at 100 µM. At this concentration, DES inhibited enzyme activity over 50% ([Fig. 2B](#fig2){ref-type="fig"}). Based on a concentration-dependent inhibition by DES, its apparent IC~50~ value was 12.65 ± 0.08 µM ([Fig. 3B](#fig3){ref-type="fig"}).

Mode of action of DES
---------------------

The mode of action of DES-mediated inhibition of HSD11B2 activity was determined by enzyme kinetic analysis. Using rat placental microsomes, the Lineweaver--Burk plot showed that DES was a competitive inhibitor of HSD11B2 when CORT was used as the substrate ([Fig. 4A](#fig4){ref-type="fig"}) and an uncompetitive inhibitor in the presence of the cofactor NAD^+^ ([Fig. 4B](#fig4){ref-type="fig"}). DES exhibited a similar inhibitory mode for human placental HSD11B2 ([Fig. 5A](#fig5){ref-type="fig"} and [B](#fig5){ref-type="fig"}). Figure 4Lineweaver--Burk plot of rat placental 11β-hydroxysteroid dehydrogenase 2 (HSD11B2) in the presence of diethylstilbestrol (DES). Panel A, 1/V versus 1/(CORT); Panel B, 1/V versus 1/(NAD^+^) V = velocity (pmol/mg protein × min). Mean ± [s.e.m.]{.smallcaps}, *n* = 4. Figure 5Lineweaver--Burk plot of human placental 11β-hydroxysteroid dehydrogenase 2 (HSD11B2) in the presence of diethylstilbestrol (DES). Panel A, 1/V versus 1/(cortisol); Panel B, 1/V versus 1/(NAD^+^) V = velocity (pmol/mg protein × min). Mean ± [s.e.m.]{.smallcaps}, *n* = 4.

DES *in vivo* inhibits rat HSD11B2 activity
-------------------------------------------

Serum cortisol concentrations were measured after DES (0.5 mg/kg) was gavaged to adult female Sprague--Dawley rats 30 min before the administration of cortisol as the probe. Concentration--time course analysis showed a significant increase of bioavailability of DES ([Fig. 6](#fig6){ref-type="fig"}). Further analysis showed that there was a delay in cortisol elimination from blood because the elimination half-life (t~1/2~), the maximum concentration (C~max~) and area under the curve (AUC) that reflects the level of glucocorticoid were significantly increased after DES administration ([Fig. 7](#fig7){ref-type="fig"}). This indicates that DES blocks cortisol metabolism. Furthermore, analysis of HSD11B2 activity *ex vivo* showed that renal HSD11B2 activity was significantly decreased after DES treatment ([Fig. 8](#fig8){ref-type="fig"}). Figure 6Effect of co-administration with diethylstilbestrol (DES) and cortisol on serum cortisol concentrations. Close circle: control (dimethyl sulfonate versus water = 1:9, v/v); open circle: DES administration. Mean ± [s.e.m.]{.smallcaps}, *n* = 6. Figure 7Effect of co-administration with diethylstilbestrol (DES) and cortisol on pharmacokinetic parameters of the cortisol rat model. C~max~ = the peak plasma concentration; t~1/2~ = elimination half-life; T~max~ = time to reach C~max~; CLz/F = clearance; AUC = area under the curve (the integral of the concentration-time curve after a single dose). Mean ± [s.e.m.]{.smallcaps}, *n* = 6. \*, \*\* and \*\*\* designate significant differences of DES when compared to control (CON, dimethyl sulfonate versus water = 1:9, v/v) at *P* \< 0.05, 0.01 and 0.001, respectively. Figure 8Effect of co-administration with diethylstilbestrol (DES) and cortisol on the conversion of cortisol to cortisone in the rat kidney. Mean ± [s.e.m.]{.smallcaps}, *n* = 6. \*\*\* designates significant difference of DES when compared to control (CON, dimethyl sulfonate versus water = 1:9, v/v) at *P* \< 0.001.

Discussion
==========

DES is a potent estrogen and it has been associated with disruption of the endocrine axis in several animal species ([@bib24], [@bib25], [@bib26], [@bib27], [@bib28]). The mechanism associated with DES-related intrauterine growth restriction is still unclear. In the present study, we performed experiments to demonstrate that DES is a powerful HSD11B2 enzyme inhibitor *in vitro* and *in vivo*. The IC~50~ values of DES on rat and human HSD11B2 activities were calculated to be 5.33 and 12.62 μM, respectively.

In the placenta, HSD11B2 is known to protect the fetus from high circulating levels of glucocorticoids in the mother ([@bib10], [@bib29], [@bib30]) by catalyzing cortisol into inert cortisone ([@bib31], [@bib32]). Indeed, mouse models with a null mutation of the *Hsd11b2* gene showed placental anomalies and dysfunction that resulted in intrauterine fetal growth retardation ([@bib33]). Thus, our observations imply that DES-related suppression of HSD11B2 activity during pregnancy may be a factor in disruption of glucocorticoid-mediated activity that causes adverse consequences on fetal development. The indirect effect via the direct inhibition of HSD11B2 by endocrine disruptors often goes unnoticed. Although some endocrine disruptors are inhibitors of HSD11B1 and HSD11B2 ([@bib34]), there is very limited information on placental HSD11B2 inhibitors. One HSD11B2 inhibitor is the metabolite of methoxychlor, 2-bis(p-hydroxyphenyl)-1,1,1-trichloroethane (HPTE) ([@bib35]). In the present study, we presented another placental HSD11B2 inhibitor, DES. Here, we demonstrated that DES directly inhibited both human and rat placental HSD11B2 enzyme activities at the micromolar concentration range. These effects were not exerted via gene expression and translation for HSD11B2. Other studies also showed that DES at pM can inhibit human β-chorionic gonadotropin (β-hCG) secretion by the human trophoblast cell lines BeWo and HTR-8 ([@bib36]), although there are no studies to report its effects on HSD11B2 expression in these cell lines or human and rat placentas.

Moreover, HSD11B2 is thought to be the gate-keeper for the mineralocorticoid receptor in several target tissues, including the kidney and colon ([@bib37]). Usually, mineralocorticoid receptors are without selectivity between aldosterone (a natural mineralocorticoid) and cortisol, a natural glucocorticoid ([@bib38]). Because serum concentration of cortisol is approximately 100-fold greater than that of serum aldosterone, without HSD11B2, mineralocorticoid receptors are always bound by cortisol, thus causing hypertension and hypokalemia ([@bib38]). HSD11B2 is a high-affinity enzyme and effectively eliminates cortisol through converting it into cortisone, which has the negligible binding affinity to the mineralocorticoid receptor ([@bib39], [@bib40]). This interpretation is supported by observations from null *Hsd11b2* mice ([@bib41]) or the results of experiments of pharmacological suppression by carbenoxolone ([@bib42]), showing that mineralocorticoid receptors in the kidneys are occupied by cortisol, causing apparent mineralocorticoid excess. The pathophysiology of hypertension and hypokalemia is associated in part with mineralocorticoid excess ([@bib43], [@bib44]). Thus, it appears that the HSD11B2 is essential for maintaining physiological levels of aldosterone. The present results demonstrated further that DES is a more potent inhibitor of HSD11B2 activity *ex vivo* compared to activity *in vitro*. It is likely that DES suppression of HSD11B2 activity in the kidneys may have a role in the incidence of mineralocorticoid excess that is associated with hypokalemia and hypertension.

There is evidence within the literature, indicating that DES treatment may impair the development of the testis and male reproductive tract. In this regard, HSD11B2 has been localized to fetal as well as the adult mammalian (human, rat and pig) Leydig cells ([@bib22], [@bib45], [@bib46]). It was reported previously that cortisol bound directly to the glucocorticoid receptor in Leydig cells and thereby caused an inhibition of androgen biosynthesis ([@bib46], [@bib47], [@bib48]). Therefore, HSD11B2 activity may play an important role in glucocorticoid inactivation in Leydig cells in order to prevent glucocorticoid-mediated suppression of testosterone production.

The present study showed that enzymatic cortisol turnover rates after a single dose of DES and implied possible implications for intrauterine growth restriction. There is a limitation that there is no comparison of long-term low versus high DES dose effects and that the effects of DES *in vivo* were examined in non-pregnant only. Other limitations for human and rodent placentas at term are that in human placental HSD11B2 activity rises during gestation, while in rodents HSD11B2 activity declines gradually ([@bib49]). Future studies are required for investigating these consequences.

Overall, data from the present study demonstrated that the synthetic estrogen DES is a potent inhibitor of HSD11B2 activity. Structurally, DES is similar to cortisol or CORT, indicating that it may competitively bind at the steroid-binding site on the enzyme. Indeed, the modes of action of DES implied a competitive inhibition of the enzyme for a steroid substrate. On the other hand, DES acted as an uncompetitive inhibitor in the presence of the cofactor NAD^+^. These findings imply that DES can act on the enzyme-substrate complex.

In conclusion, we have shown that DES is an inhibitor of both rat and human placental HSD11B2. Thus, inhibition of HSD11B2 activity by DES may be a factor in the pathophysiology of intrauterine growth restriction of fetuses associated with endocrine anomalies.

Declaration of interest
=======================

The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported.

Funding
=======

The present study was supported in part by National Natural Science Foundation of China with grant number 81730042 and 81601266, Health & Family Planning Commission of Zhejiang Province with grant numbers 11CX29, 2017KY483 and 2015RCB021.

Statement
=========

Full-term human placentas were obtained from the Second Affiliated Hospital of Wenzhou Medical University under the approval of The Ethics Committee of the hospital. Consent has been obtained from each patient or subject after full explanation of the purpose and nature of all procedures used.

[^1]: \*(Y Wang and Y Dong contributed equally to this work)
